Abstract-Experimental characterization of a sensor technology that can measure particle speed and concentration simultaneously in liquids and gases is presented here. The basic sensor principle is based on an optical element that shapes a light beam into well-defined fringes. The technology can be described as a hybrid between Laser Doppler Velocimetry and Laser Particle Counters. The experimental characterization of a labscale setup has been performed with polystyrene particles in the range from 750 nm to 20 μm, with various particle speeds. It is shown that particle concentrations can be determined independently from particle speeds and is a key advantage compared to normal Laser Particle Counters.
INTRODUCTION

A. Introduction
Accurate measurement of velocities, concentration and size of nano-and micro-particles in liquids and gases is a cornerstone of many industrial and medico technologies. For this purpose there exists a range of commercial sensors that can measure at least one of the parameters velocity, concentration and/or size. The most important are Laser Doppler Velocimetry (LDV), Focused Beam Reflectance (FBRM) [1] and Particle Vision Measurement are capable of in-situ measurement of particle size and concentration of moving streams. This is high-end equipment with specifications and in particular cost (> 50.000 -200.000 EUR) that prohibit use within many applications. Low-end Laser Particle Counters (LPC) are inherently limited by technology and require a constant flow side-stream through the sensor unit. This is a severe restriction for continuous in-situ monitoring of particle size and concentration in e.g. quality assessment of process streams or in-situ monitoring of industrial crystallization processes. Finally high-end Laser Flow Cytometers for medical and biotechnological purposes are based on a principle similar to that of LPC, but with much improved detection capabilities and flexibility.
As an alternative to the commercialized technologies there has been research in beam-shaping optical elements [2, 3] that have the potential for precise determination of particle size, speed and concentration. Applications within velocimetry [4, 5] flow measurement [6] and wind speed measurements on Mars [7] [8] [9] have been tested.
In the present article we present preliminary experimental characterization of an optical principle that simultaneously can measure particle speed and concentration. In its present form it is based on a flow cell that is not suitable for in-situ measurements, however, with a few modifications in-situ measurements will be possible. The technology is mainly intended for industrial quality/process monitoring applications or medico applications.
B. Sensor principle
The basic principle can be characterized as a hybrid between LDV and LPC. Optical fringes are created by an optical element instead of laser beam interference as in LDV, while the measurement geometry is similar to that of LPC. The key advantages within industrial applications are the possibilities for in-situ concentration measurements that are not possible with LPC, while still having the same low-cost hardware and measurement setup/geometry as for LPC. With respect to medico applications the key advantages are the lowcost potential compared to e.g. Laser Flow Cytometer and opens up for point-of-care devices. Fig. 1A shows a schematic example of the sensor principle; a laser beam is shaped by an optical element to create a number of harmonically varying fringes that are perpendicular to a flow with particles. Whenever a particle passes the beam the light will be scattered and picked up by a photodiode. The scattered light from the particle will oscillate with a period (Δt) from which the velocity (v) of the particle can be determined by
where a is the fringe period. The concentration can be derived from the flow speed, cross sectional beam area (A b ) and number of particles measured within a certain time period. The optical element that shapes the fringes is a simple grating made by photolithography. The top glass window in the flowcell is covered with a 100 nm layer of aluminum by electron beam physical vapor deposition. The grating pattern (shown in Fig. 1B ) is made in a cleanroom by a standard photolithographic procedure using a positive photoresist, UV exposure through a photomask followed by development and etching with an alkaline solution. In the present article two different sizes of gratings have been used with grating periods of 20 and 40 µm. The number of fringes is 5 for both sizes, giving total dimensions of w·l = 90 x 100 µm2 and 180 x 200 µm2, respectively. Data of the spatial light distribution in the direction of the light propagation inside the flow cell (not shown) show that it remains almost unchanged across the 500 µm thickness of the flowcell and the result is in agreement with both analytical estimations and numerical simulations.
Datasets are sampled for about 15 seconds and recorded on a PC with Labview and analyzed with a Matlab script. The data analysis consists of an initial baseline removal and noise reduction by moving data averaging where the number of data points included in the averaging is in the range from 0 to 10 depending on the relation between sampling frequency and flow speed of the specific dataset. This is followed by location of all peaks related to light scattering from particles. For all peaks the period time difference to the next peak (Δt) is registered.
In all experiments the particle concentrations have values that are so low that it is unlikely that two or more particles pass through the beam at the same time and can be formulated mathematically by
where C is the particle concentration and V b = b⋅w⋅l is the beam volume. Fig. 3 is an example of amplified raw data, before baseline removal and noise reduction, of 5 µm polystyrene particles moving through a beam with five fringes in the experimental setup shown in Fig. 2 . The inset shows data on a large time scale and each time a particle moves through the beam a distinct peak is observed. The oscillating background signal is amplified 50 Hz noise. The data in the main panel are the same zoomed in on one of the peaks as indicated in the figure. Here five distinct peaks are observed and correspond to scattering of light from the particle each time it passes through one of the fringes. On the time scale where the particle is inside the beam ∼ 3 ms, the RMS noise level is calculated to be 0.264 mV which results in a signal-to-noise ratio (SNR) of 49 if the particle signal is taken to be 13 mV. Noise reduction by 5 point data averaging increases the SNR to 107.
III. RESULTS
A. Raw data
B. Flow speed
The flow speed for each particle is calculated from (1) using an average of the four values of Δt recorded for each particle. The Reynolds number is in all experiments in the regime of laminar flow. For a fully developed laminar flow between two plates the flow speed distribution is [10] 
where x is the distance away from the center between the two glass plates (x = 0) to the surface of the glass plates (x = ± d/2) and v max is the maximum speed in the center. The average speed (v av ), suitable for calculations of e.g. volume flow is related to v max through v av /v max = 2/3.
The experimental setup in the present research only gives the flow speed distribution as function of the flow speed and (3) can alternatively be represented by (4) where, N is the number of particles with flow speed v and N 0 is a normalization factor. A detailed derivation of (4) is out of the scope here, but it can be obtained by geometrical considerations and the fact that the total number of observations is proportional to v. The inset of Fig. 4 shows an example of the velocity distribution as function of v for a specific measurement with constant flow speed. Equation (4) has been fitted to the data (black line) and a good agreement is observed as expected if laminar flow dominates. 
C. Concentration
In the present we show that without a priori knowledge about the volume flow in the flow cell, the concentration of the particles can be derived from the experiments. For each data set, approximately 15 s long, the speed of each particle and the total number of particles are recorded. From this v av is calculated and the concentration of particles in the suspension can found from
where t ∼ 15 s is the time of the measurement and A b = b⋅l is the cross sectional area of the beam in the plane perpendicular to the flow direction. Fig. 5 shows the measured concentration in the experimental setup as function of the expected concentration for different particle sizes and also for different flow speed. At the lowest particle concentrations only down to 10 particles are observed in one data set and this is a significant source of uncertainty as indicated by the error bars, which are calculated from the square root of the number of particles found. The expected particle concentrations are taken from the datasheet of the PS particle manufacturer combined with the dilution factor of the samples. The accuracy of the expected particle concentrations has not been verified independently and could be a significant source of error. Nonetheless, a good relationship between the observed and expected concentrations is seen.
IV. DISCUSSION
With the current setup it is seen from Fig. 4 that accurate determination of the particle speed and volume flow rate can be obtained, without calibration, from the fringe spacing and period of the oscillations of the scattered light.
Based on the average flow speed the and the number of particles detected Fig. 5 shows that relatively accurate determination of the particle concentration can be obtained. An important point here is that it is done for different volume flow rates. This is opposed to the current state-of-the-art industrial Laser Particle Counters (and Laser Flow Cytometers) where particle concentrations can only be determined when there is a constant and predefined flow speed through the sensor unit.
Although the current experimental setup is based on a flowcell it can with relatively few modifications be implemented into a setup that can be used for in-situ measurements in lowend industrial sensors. Furthermore, due to the potential lowcost hardware point-of-care medico applications are also potential application areas.
Future studies are to make a more complete characterization and to test specific applications.
V. SUMMARY
An optical sensor principle for simultaneous determination of particle speed and concentration has been experimentally characterized. The sensor principle is based on an optical element that shapes a light beam into well-defined fringes. Whenever a particle passes the fringes the scattered light oscillates with a period that is inversely proportional to the particle speed and together with the sensor geometry the particle concentration can be obtained.
